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1. 


Experiments  were  performed  to  detect  LASER  oscillations  at 
3u.  and  at  7m.  from  cesium  vapor  optically  pumped  with  light  from  helium 
cischarge  lamps.  No  oscillations  were  observed.  Fluorescence  measure¬ 
ments  have  led  to  the  construction  of  an  Improved  system.  Work  was 
carried  out  on  several  possible  LASER  media  utilizing  collisions  of  the 
second  kind  in  a  gas  discharge.  Studies  of  the  special  and  temporal 
behavior  of  the  ruby  (R  line)  LASER  was  investigated  and  crystal  boules  of 
calcium  tungstate  conta5.ning  various  concentrations  of  rare-earth  ions 
were  grown.  Gr.cillation  was  attempted,  unsuccessfully  in  each  of  these 
schemes.  Studies  of  crystal  perfection  indicate  that  the  internal 
quality  of  these  crystals  is  not  yet  adequate.  Two  new  forms  of  the 
Fabry-Perot  interferometer  have  been  constructed,  which  are  superior 
in  adjustment  tolerances.  Several  aspects  of  the  optical  behavior  of 
Fabry-Perot  interferometers  which  are  of  importance  for  the  under¬ 
standing  of  F.P,  LASERS  have  been  studied  theoretically. 
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I,  Introduction  and  Sucgnary  o£  Results 


The  insnediate  objective  of  this  research  is  to  produce  working 
models  of  LASER  devices,  together  with  the  experimental  and  theoretical 
information  necessary  to  describe  and  predict  their  performance. 

In  this  section  we  summarize  the  results  d.iat  have  been  obtained 

to  date. 

1.0  Optical  Pumping  of  Cesium  Vapor  by  Helium  Lamp 

In  the  last  report  we  described  the  apparatus  constructed  to 
look  for  3m.  and  7m.  oscillations  from  cesium  vapor  in  a  Fabry-Perot 
cavity.  Optical  pumping  was  tried  with  modulated  r-f  helium  discharge 
lamps  and  also  with  the  much  brighter  helium  flashlamps.  No  oscillations 
were  observed. 

We  concluded  that  the  losses  must  be  higher  than  anticipated 
due  to  turbulence  in  the  air  path  caused  by  thermal  gradients  and 
inhomogeneities  in  the  sapphire  and  silicon  windows. 

In  the  present  period  we  repeated  the  earlier  Cs  fluorescence 
measurements,  extending  them  to  include  the  3.2i.i  (proposed  lASER)  line 
as  well  as  other  infrared  lines,  and  re-calculated  the  gain  expected 
from  the  above  results.  Reassured  by  these  measurements  and  calculations 
we  began  construction  of  a  modified  system  with  the  entire  cavity  in 
vacuum  (eliminating  air  path)  and  a  10-iold  increase  in  LASER  length 
(increasing  gain).  The  increased  length  also  facilitates  tuning  of  the  cavity. 
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2.0  Direct:  Discharge  Exclcation  of  LASER  Media 

Work  was  carried  out  on  several  possible  LASER  media  utilizing 
collisions  of  the  second  kind  in  a  gas  discharge. 

Six  different  gas  discharge  processes  were  analyzed  theoreti¬ 
cally  (an  asterisk  indicates  an  excited  atom): 

a)  Kr*  (meta)  +  Hg  •+•  Kr  +  Hg* 

b)  Kr*  (raeta)  +  Xe  Kr  +  Xe* 

ic  ^ 

c)  Hg  +  Zn  ->  Hg  +  Zn 

4*  3  4  3* 

d)  He  +  He  ->  He  +  He 

e)  Rb  +  Rb  -»•  Rb  +  Rb 

f)  Zn  (meta)  Zn  (n^ta)  ^  Zn  +  Zn 

For  process  (a),  a  gain  coefficient,  a.it  1%  per  meter  at  X  *  l.Sp. 

tr 

was  computed  from  measured  fluorescent  intensities. 

Variations  in  populations  of  interesting  states  were 
measured  as  a  function  of  power  input  and  pressures  of  the  following 
gases: 

a)  Krypton-mercury  mixtures 

b)  Krypton-xenon  mixtures 

c)  Pure  krypton 

The  population  changes  were  observed  in  spectral  absorption  and  emission. 
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3»0  Optical  Pumping  of  Ruby  (R  line) 

Studies  of  the  special  and  temporal  behavior  of  the  mode 
characteristics  of  the  ruby  (R  line)  LASER  have  been  carried  out. 

Work  has  been  initiated  toward  obtaining  a  relative  figure  of  n^rit 
of  the  optical  quality  of  ruby  crystals. 

4.0  Optical  Pumping  of  Ruby  (Neighbor  Linns) 

The  “neighbor  line“  spectrum  of  dark  ruby  wa':  investigated  to 
determine  the  feasibility  of  using  exchange  displaced  levels  in  a  low 
power  pulsed  or  C.W.  LASER.  The  energy  level  diagram  was  found  to  be 
exceedingly  con?)lex  but  nonetheless  appeared  to  fulfill  the  requirements 
for  excitation  of  oscillation.  An  experiment  was  conducted  in  which  the 
dark  ruby  saBq>le,  cooled  to  2*K  and  pulse-excited,  was  obseTved  to  emit 
fluorescent  radiation  of  sufficient  spectral  intensity  to  cause  oscilla¬ 
tion.  Oscillation  was  not  produced,  however,  because  of  the  poor  crystal 
quality  of  the  samples  and  the  resultant  high  scattering  losses  which  it 
causes. 


1. 
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5«0  Optical  Pumping  of  Rare  Ec^ths 

Single  crystal  boules  of  calcium  tungstate  containing 
various  concentrations  of  trivalent  europium,  terbium,  dysprosium, 
and  praseodymium  were  grown.  The  crystals  containing  Pr  have  not 
been  evaluated.  Difficulties  vrere  encountered  in  obtaining  boules 
containing  Tu  and  Tb  with  the  high  emission  intensity  characteristic 
of  flux  grown  crystallites  of  the  sanffi  material.  Crystals  containing 
Dy  however  grow  well  and  fluoresce  strongly. 

Some  of  the  latter  crystals  were  ground  and  polished  to 
LASER  tolerances  and  oscillation  attempted  on  a  pulsed  basis.  While 
the  brightness  of  the  output  was  more  than  adequate  for  LASER  oscilla¬ 
tion,  no  oscillation  was  observed.  Stud5wes  of  crystal  perfection 
indicate  that  the  internal  quality  of  these  crystals  is  not  yet  adequate, 
A  solution  containing  Europium  (Eu;TTA)  was  evaluated  as 
the  active  media  of  a  LASER  oscillator.  The  engineering  difficulties 
with  this  system  were  found  to  be  very  great.  Work  on  this  solution, 
though  still  promising,  was  dropped  in  view  of  the  encouraging  results 
with  the  tungstate  crystals. 

Sonte  effort  on  other  host  media  than  the  tungstates  was 
conuiitued  and  has,  as  yet,  not  given  positive  results. 


TECHNiCAL  RESEi^rcH  GROUP 


Optical  Measurements  and  Devices 

Two  new  forms  of  the  Fabry-Perot  interferometer  have  been 
constructed  which  are  far  superior  to  the  F.P.  in  adjustment  tolerances. 
Haidinger  fringes  have  been  observed  in  both  the  retroreflective  corner- 
reilector-vs-flat  and  crossed^roof  interferometers. 

A  relatively  simple  optical  system  has  been  devised  to  indicate 
the  optical  quality  of  crystals  to  be  used  for  LASER  operation. 

A  method  has  been  devised  to  measure  the  orientation  of  the 
c  axis  of  uniaxial  crystal  boules  with  irreguJar  sides. 

7.0  Theory  of  Resonator  Modes 

Several  aspects  of  the  optical  behavior  of  Fabry-Perot 
interferometers  of  importance  for  the  understanding  of  F.P.  LASERS 
have  been  studied.  Firstly  we  have  investigated  the  nature  of  the 
modes  of  a  Fabry-Perot  cavity  in  terms  of  the  general  theory  of  leaky 
wave  or  radioactive  state  resonances  of  open  electromagnetic  structures. 
Secondly  we  have  derived  an  exact  theory  of  the  F.P.  cavity  and  shown 
hoiv'  this  reduces  in  an  appropriate  aoproximation  to  the  previously 
reported  theory.  Thirdly,  we  have  studied  the  optical  mode  structure 
of  a  F.P.  interferometer  via  the  variational  principle  described  in 
earlier  reports.  This  has  led  to  analytic  expressions  for  the 
quantities  of  practical  interest,  e.g.  the  mode  shpaes,  resonant 
frequencies,  and  diffraction  losses. 
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Optlc*\I  Pumping  of  Cesimn  by  Helium  Lamp 
1,0  SucBMiry  of  Work  Performed 

In  the  Iftst  report  we  described  the  eppareti’s  constructed 
to  look  for  3m-  end  7m.  oscilletions  from  cesium  vmpor  in  e  F*bry“Pcrot 
cevity.  Optical  pumping  was  tried  with  modulated  r-f  helium  discliarge 
laiiq}S  and  also  with  the  much  brighter  helium  flashlamps.  No  oscillations 
were  observed. 

We  concluded  that  the  losses  must  be  higher  than  anticipated 
due  to  turbulence  in  the  air  path  caused  by  thermal  gradients  and 
inhomogeneities  in  the  sapphire  and  silicon  windows. 

In  the  present  period  we  repeated  the  earlier  Cs  fluorescence 
measurements,  extending  them  to  Include  the  3,24  (proposed  LASER)  line 
as  well  as  other  infrared  lines,  and  re>calculated  the  gain  expected 
from  the  above  results.  Reassured  by  these  measurements  and  calculations 
we  began  construction  of  a  modified  system  with  the  entire  cavity  in 
vacuum  (eliminating  air  path)  and  a  10-fold  increase  in  LASER  length 
(increasing  gain).  The  increased  length  also  facilitates  tuning  of  the  cavity. 
2.0  Analysis  of  Work  Performed 
2.1  Cs/He  Fluorescence 

Figure  2.1  shows  the  experimental  arrangen^nt  used  for  the 
fluorescence  measurement.  The  Cs  cell  had  sapphire  windows.  The  radiation 
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detectors  were  e  6911  phototube  end  PbS,  The  spectroajeter  wes  e  Perkin- 

Eln»r  Model  98  gretlng  instrument.  Figure  2.2  shows  the  Cs  cell  inside  a 

transparent  heating  tube,  located  at  one  focus  of  glass  cylindrical  cavity. 

A  water-cooled  helium  lamp  is  at  the  other  focus. 

Figures  2.3  and  2.4  show  the  assured  fluorescence  intensities 

* 

of  26  lines,  and  their  variation  with  Cs  temperature.  Analysis  of 
these  measurements  shows  that  (see  Figure  2.5) 

1.  The  ^^^^2  is  greatest  at  173  *C  for  4  nm  diameter 

tube  (2.7  X  10®  atoms/cm^), 

2.  The  populations  of  the  Cs  4F,  5D  and  7D  states,  increase  with 

temperature  far  beyond  amount  predicted  for  radiative  processes. 

* 

Thermally  induced  collisions  must  be  responsible  . 

3.  The  gain  coefficient,  given  by  the  expression 


K  - 

o 


in2 

16tV 


A21  X 


AX 


®2 

(N^  -  i;;  Ni) . 


is  equal  to  5.8  x  10“^  cm“i  for  the  X  *  3.2n  transition  and 

7.18m.  transition. 
For  L  »  9  cm^  X  «  7.18m.,  as  in  the  previous  LASER  experiments. 


-2  “I 

is  equal  to  3.8  x  10  cm  for  the  X 


JL-  e 

I 


.34 


-  e 


-  1.40,  or  40X  gain. 


*  A  chitailed  discussion  of  these  results  was  presented  at  the  Spring 
-  Meeting  of  the  Optical  Society. 
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Figure  2.2  Cs  Fluorescence  Cell 
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Losses  due  to  silicon  windows ,  tuning  diegonal  and  reflectors 
amounted  to  less  than  20%  per  pass.  Apparently ^  i'^erfect  optical  flat= 
nessj,  thcrml  turbulence  and  other  Inhomogeneltles  amounted  more 
than  20%. 


2.2  Long  Tube  System 

a)  Lamp 

A  90  cm  long  t“f  helium  discharge  tube  has  been  constructed 
and  operated  at  saturation  intensity,  Twc  transmitters  supply  a  total 
of  800  watts  at  30  mgc.  The  lamp  is  operated  in  a  water  jacket, 

b)  Pumping  Cavity 

In  order  to  avoid  the  difficulty  of  making  a  meter-long 
cylindrical  ellipse  we  cc’‘srruffad  e'^mluated  a  diffuse  cavity  to 
contain  both  lamp  and  lASEB.  The  diffuse  reflecting  walls  consist  of 
MgO  powder  behind  transparent  wcor.  Figure  2.'  shows  construction, 
which  includes  heater  coils  to  prevent  Cs  ctindensation  when  LASER  cell 
Is  present. 


Performance  of  the  diffuse  cavit'^  was  evaluated  by  spaciallv 
seanniiig  the  Interior  thru  a  small  hole.  A  Hllger  f/IO  monochromator 
was  set  at  BSSSAt  and  three  scans  were  made  (see  Figure  2,"  ).  The 
measured  cavity  intensity  was  given  by  the  relatlcn 


J 

cavity 


36%  J, 

lamp 
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Figure  2 . 8 


Ft-jui  this  result  \?&  calculate  that  the  effective  reflectivity  of  this 
cavity  Is  about  88%.  VJhen  the  lASER  cell  is  introduced  into  the  cavity, 
will  drop  to  the  value  given  by  the  expression 

'^cavity  "  -^lamp 

prc'^dcd  the  nichrome  vjindings  arc  concealed. 

c)  lASER  Cell 

Due  to  the  large  siee  of  the  Cs  coll  Q  cm  I.D.  and  90  cm 
long)  absorption  of  cesium  by  walls  becomes  important  along  with  out- 
gassing,  Therefore  a  dynamic  system  is  being  built.  Cesium  vapor 
migrates  from  a  hot  pot  through  an  oven  to  a  cold  trap.  Provision 
is  made  to  reverse  the  flow  vdien  the  reservoir  is  empty.  See  Figure 

d)  Interferometer 

Tuning  of  the  1  meter  interferometer  will  be  nearly  auto¬ 
matic  in  the  3,2p  case,  rrhere  cavity  modes  lie  so  close  together  that 
they  always  overlap  Cs  Doppler  width  (Figure  2.9), 

A  new  type  of  interferometer  with  much  improved  mechanical 
stability  has  been  developed  at  TRG  for  use  with  LASERS.  This  is  a 
crossed  roof  prism  interferometer  and  is  discussed  In  Section  VII  - 
Optical  ilc' '  uromenLs  and  Devices,  At  the  time  of  this  v^ritingj  we  have 
not  yet  found  a  suitable  prism  materiel  to  adapt  the  crossed  roof 
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I  irt-u  ferometer  to  use  with  the  7u.  LASER.  NaCl  and  BaF^  both  fail  the 
I  hifat  and  cesium  test.  We  are  considering  HgO  for  3.2^.  LASER  prisms. 

Because  of  this  material  problem  we  may  have  to  use  one  of  the  unattacked 
I  metallic  reflectors j  such  as  chromium  or  iron.  These  reflect  fairly  well 
I  at  but  their  visible  reflectivity  is  so  low  as  to  make  impossible 
al  .uaent  of  a  roof  prism  interferometer,  (with  8  reflections  between 
successive  emergc^-'t  beam).  The  plane  Fabry-Perot  is  however,  still 
su3  table. 


3.0  VJork  Planned  for  Next  Period 

We  are  nearing  completion  of  1  cm  diameter  Cs/IIe  LASER 

-1 

tube.  We  expect  a  gain  coefficient  K  .02  cm  for  ?\  =  7u,  This 

it 

corresponds  to  a  gain  of  6007„  in  one  pass  of  90  cm  length.. 

During  the  next  period  we  expect  to  measure  the  gain  at 
3.2ij,  directly  and,  if  the  result  is  positive,  begin  construction  of 
a  meter- long  7u.  LASER. 


-  Note  that  is  smaller  than  for  the  4  inm  tube  mentioned  earlier. 

This  is  because  in  a  1  cm  diameter  tube  the  pumping  light  absorption 
coefficient  must  be  reduced  to  insure  uniform  pumping.  This  means 
LA-ER  will  be  operated  at  a  lot-Ter  temperature  and  8Pi /o  population 
irili  be  reduced,  ' 
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III.  Direct  Dlsclmrge  Excitation  of  LASER  Media 
1.0  Sungnary  of  Work  Perfom^d 

Work  was  carried  out  on  several  possible  lASER  media  utilizing 
collisions  of  the  second  kind  in  a  gas  discharge. 

1.1  Theoretical 

Six  different  gas  discharge  processes  were  analyzed  theoreti- 
cally  (an  asterisk  indicates  an  excited  atom); 

a)  Kr*(meta)  +  Hg  -►  Kr  +  Hg* 

b)  Kr*(meta)  +  Xe  Kr  -f  Xe* 

c)  Hg  +  Zn  ->  Hg  +  Zn 

,v  4*  3  4  3* 

d)  He  +  He  He^  +  He"^ 

e)  Rb  +  Rb  ^  Rb  4  Rb’^ 

*  *  ** 

f )  Zn  (meta)  +  Zn  (meta)  ^  Zn  +  Zn  . 

For  process  (a)^  a  gain  coefficients  a  1%  per  meter  at  X  *  1.8m. 

G 

was  confuted  from  measured  fluorescent  intensities. 

1.2  Experimental 

Variations  in  populati-^ns  of  interesting  states  were 
meafured  as  a  function  of  power  input  and  pressures  of  the  following 
gases; 

a)  Krypton-mercury  mixtures 

b)  Krypton=xenon  mixtures 

c)  Pure  krypton 

"rtie  population  changes  were  observed  in  spectral  absorption  and  emission. 
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2^0  Analysis  of  Work  Performed 

&)  Study  of  the  krypton-mercury  system  was  confined  to  gain 
computations  from  the  latest  measured  fluorescent  Intensities.  As 
indicated  in  Figure  II  selective  excitation  of  Hg  (9^?^)  results  from 
collisions  of  llg  (6^S^)  with  Kr  (Is^  »  metastable)  in  a  discharge. 

The  relative  intensities  of  the  lines,  X  -  6234  and  X  =  4916,  together 
with  the  calculated  emission  rates,  enables  one  to  compute  the  substate 
ppulation  density  ratio  ~  (9^P^)  /  g  within  10%.  From  measure¬ 
ments  made  in  January,  1961,  “  (9^P^)  absolute 

value  of  the  excess  population  is  “  (9^P^)  -  “  (8^S^)  3.3  x  10^  cm’^. 

The  computed  gain  for  a  light  wave  inducing  transitions  from 
Hg  bo  Hg  is  =  (I.O  °  0.5)%  per  meter.  This  is 

marginally  sufficient  to  genera  oscillations  in  a  1  meter  lASER  at 
X  «  l.Sp. 

Figure  32  shows  the  population  ratio  per  quantum  state  of 
1  1 

the  Hg  (9  P,)  and  Hg  (8  S^)  levels  as  a  function  of  Ki  pressure.  These 
population  ratios  were  computed  from  fluorescent  intensities  measured 
through  an  f/10  Ebert  grating  monochromator  employing  a  lead  sulphide 
detector  calibrated  by  a  National  Bureau  of  Standards  tungsten  lan^. 
During  these  runs,  the  mercury  pressure  was  not  well  known.  The 
pressure  could  not  be  less  than  the  vapor  pressure  corresponding  to 
the  well  teiiq>erature.  However,  mercury  is  driven  into  the  walls  by 
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1<RYP''’C'KI  PRESSURE 


[1] 

tht  discliarge  *  Then  the  heating  of  the  tube  causes  mercury  out- 
gassing  and  a  aon-cquilibrium  creess  pressure.  Thus  we  may  be  sure 
that  the  measured  enhancement  is  not  optimum. 

In  order  to  maintain  a  knovm  mercury  pressure 5  an  all¬ 
quartz,  oven-heated  and  temperature-controlled  system  v7ould  be 
required.  Before  building  this  nev;  apparatus,  it  was  decided  to 
examine  a  kr>pton-xcnon  gas  mixture,  ’which  presumably  vjould  not  present 
the  same  uncertainty  in  pressures. 

b)  The  important  krypton  and  xenon  energy  levels  are  sho^^m  in 
Figure  ".3 .  Adequately  close  coincidences  occur  between  both  the 
upper  (Is^)  and  lov;er  (is^^)  krypton  metastable  levels,  and  several 
appropri;  te  xenon  levels . 


Fluorescent  intensities  have  been  measured  for  the  lines 
X  8952A,  9162A,  9923A,  v;hich  originate  on  Xu  2p^,  2p^  and  2pg  levels 
as  well  as  for  the  "control’’  lines  A  -  8576A  and  7967A,  which  originate 
on  the  xenon  3p^  and  3py levels.  Enhancements  in  intensity  as  large  as 
(4.5X)  ere  observed  for  certain  transitions  in  Kr-Xe  as  compared  with 
a  pure  '  non  discharge  at  a  nominal  power  input  density  of  0,3  watt/cm^ 
(see  Table  .1), 


A  comparison  was  made  of  the  te  ^cive  intensities  of  the 
live  xenon  lines  in  a  discharge  containing  pure  xenon  at  30j.  to  the 


ll]  This  refractory  phenomenon  has  been  investigated  by  hh  j 

and  F,  0.  vvestlali  in  "Lamps  and  \vavelengths  of  Mercury 
Journal  of 


193" 


447  (1950) 
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TABLE  3.1 


Enhancement  in  a  Xenon- Krypton  Discharge 

of  the  Xenon  2p  ~  Is  Transitions  by 

Collisions  of  the  Second  Kind  with  Krypton 

Atoms  Excited  to  the  hfetastable  Is^  State 
- - ■  - - - -  „ ,  - ^  - 


I 

Enhanced  Xe  +  Kr 


Xe  Transition 

Wavelength  A 

AE 

'xe 

2P6  -  IS4 

8952 

”3.1  kT 

75% 

2P7  -  134 

9162 

-4.2  kT 

61% 

2P9  - 

9923 

-7.6  kT 

45% 

Control 

Xe  Transitions 

3P5  -  IS2 

8576 

440.0  kT 

16% 

3P7  -  IS2 

7967 

+35.9  kT 

18% 

where  AE  is  the  resonance  energy  defect  of  the  xenon  le\^ls  from  the 
krypton  level 


AE 


^^Xe  2p  "  ^Kr  ^5^ 


where  I 


Xe+Kr 


is  the  ratio  of  the  relative  intensities  of  emission  of 
the  five  xenon  lines  in  a  discharge  containing  lOji  of  Xe 
in  loop,  of  Kr  to  a  discharge  containing  lOOp.  of  Xe. 
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ABSORFTtOU  OF  ^jPECTeW.  UWE5  BV  EKCITATIOW  F  ROW\ 


„ischrrge  containing  pure  Kcnon  at  100a -  The  intensities  of  the  three 
'enhanced"  Kcnon  lines  were  reduced  by  an  average  of  76%  of  the  origina 
intensity,  those  of  the  two  contr^.^  xenon  lines  by  an  average  of  75%. 

Preliminary  investigations  indicate  enhancement  of  the  xenon 
-  2p  infrared  transitions,  rc  suiting  presumably  from  the  excellent 
energy  coincidence  for  collisions  if  tla  second  keiid  betv/^en  the  meta- 
stable  krypton  s  and  the  xenon  ?s-  levels. 

--  j 

In  order  to  optiraize  the  krypton  pr-”sure  to  first  order,  the 
populations  of  the  krypton  levels  were  observed  in  absorption.  The 
populations  of  Kr  Is^,  Is^  (meta),  Is^  and  Is^  (nieta)  levels  were  found 
to  be  maximum  at  P,,^  -  0.1  mra  Hg  (see  Figure  3.4), 

In  the  Hg  -  Kr  experiment^,  one  may  recall  that  the  Kr  states 
■>  3 

that  pump  the  Hg  9  P  and  10‘P  state;,,  w^ere  observed  to  be  depopulated 
by  the  addition  of  Hg  to  the  pure  Kr  discharge.  Similarly  in 
the  Xe  -  Kr  experiment  the  addition  of  Xe  to  the  Kr  discharge  is 


seen  to  reduce  the  population  of  those  Kr  metastables  that  pump 
the  "enhanced"  Xe  states. 


The  absorption  measurements,  by  which  the  krypton  metastable 
poDulaticns  ■  t  r  aonitored,  were  iiinde  on  the  double  beam  apparatus  shotrn 
in  Figure  3.5  . 
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c)  A  mercury*zinc  gas  mixture  was  reported  to  exhibit  a  large 
-1  [21 

gain  (a  2  cm  )  in  a  Soviet  publication,  A  difference  in  energy 

-1  1  3  1 

of  only  133  cm  ”  kT  exists  between  the  Hg  (7  S  )  and  Zu  (4  D  )  levels. 

^  X  z 

Thus  the  Zn  (4  D^)  ->  Zn  (4  transition  at  X  -  6362A  was  presumably 
enhanced  by  collisions  of  the  second  kind. 

3 

However 5  Hg  (7  is  neither  trapped  nor  metastable.  lOjncy 

r3] 

has  shown  that  the  population  of  this  state  is  very  low  in  a  discharge  . 

Furthermore,  the  rate  of  radiative  decay  of  the  lower  LASER  state  - 

Zn  (4^Pj^)  -  will  be  reduced,  by  trapping  of  radiation  fpo:  zinc  densities 

11  3 

greater  than  n=3  x  10  atoms/cm  .  This  density  is  only  ,10  times  larger 
tiian  that  supposedly  observed  in  the  excited  Zn  (4^D  )  state.  Thus 
calculations  and  previous  work  cast  grave  doubts  on  the  report. 

A  consultant  to  TRG,  Dr.  Patrick  Thaddeus^  visited  the  Lebedev 
Institute  just  outside  of  Moscow  in  February  1961,  He  reports  that  the 
experiment  was  crudely  carried  out  and  that  zinc  fluorescence  was  probably 
confused  with  amplification.  G.  Gould,  of  TRG,  discussed  the  experiment 
briefly  at  the  March,  1961  Quantum  Electronics  Conference  in  Berkeley 
with  N.  G.  Basov,  Assistant  Director  of  the  Lebedev  Institute,  Dr.  Basov 
stated  categorically  that  gain  due  to  coherent  induced  ^aission  was  not 
observed. 

[2]  V.  K.  Ablckov,  M,  S.  Pesin,  and  I,  Fabelinski,,  Soviet  Physics  JETP, 
(USSR)  39,  892  (1960) 

[3]  c.  Kenty  j.  Appl.  Phys.  21,  1309  (1950) 
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cl)  A  pure  helium  discharge  as  a  possible  LASER  medium  was  investi¬ 
gated  at  TRG  both  theoretically  and  experimentally  between  July  and 

11  9 

DecCTiber  1959*  The  spontaneous  emission  ratCj  A(2  P  l^S  )-  2,3  x  10 

-1  117 

sec  is  so  much  larger  than  the  rate  A(3  2  P^)  -  5.4  x  10  ,  that 

an  inversion  in  the  populations  of  (3^S^  and  2^P^)  might  occur  under 

certain  discharge  conditions  (see  Figure  3.6), 

Calculations  on  the  trapping  of  the  resonance  radiation 

[41 

were  made  using  the  theory  of  Holstein  •  These  indicated  that  the 

pressure  of  helium  could  not  be  greater  than  P  O.lu  at  which 

He 

pressure  the  populations  would  be  too  small  to  give  appreciable  gain* 

Experiments  showed  no  inversions  in  several  pairs  of  levels 

at  somewhat  higher  pressures.  This  result  was  confirmed  by  the  work 

[51 

of  Sanders  at  Bell  Laboratcries, 


In  February  a  possible  improvement  over  pure  helium  gas  was 


conceived  and  analyzed  at  some  length.  The  isGtepe  shift  of  thv  resonance 

11  3 

line 5  He  (2  P, )  He  (1  S^)  is  large  enough  to  allow  He  radiation  to 

4  3 

escape  without  reabsorption  by  He  .  Thus  if  He  were  at  P  3  O.lu, 

He 

an  inverstion  might  be  possible  by  collisions  of  the  second  kind  between 
the  two  isotopes, 

[4j  T.  Holstein,  Phys.  Rev.  1159  (1951) 

[5]  J.  H.  Sanders,  Nature  312  (1959) 
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C^/eOC/AjJD 


Figure  3,6 


TECHNICAL  RESEARCH  GROUP 


32, 


I 


Further  celculations  revealed  this  difficulty;  the  wing  of 
4  1  4  1 

the  He  (3  S^)  He  (2  P^)  transition  slightly  overlaps  the  corres- 

3 

ponding  (LASER)  transition  in  He  .  Since  no  inversion  would  exist  in 

4  -1 

the  denser  He  s  the  LASER  light  would  be  absorbed  (a  1  cm  )  too 

strtiigly  to  permit  a  net  gain.  For  this  reason^  no  additional  experi¬ 
mental  work  was  done  with  helium, 

e)  Zn  atoms  nmy  be  selectively  excited  by  the  following  collision 
process  in  a  discharge; 


3  3  3  I 

Zn  (4  P^-mcta)  -i-  Zn  (4  ?2  “  tieta)  ^  Zn  (8  +  Zn  (4*S^-ground) , 

The  energy  defect  is  less  than  ~  kT.  This  mechanism  has  been  observed 
in  mercury  vapor ^  but  a  multiplicity  o€  upper  states  reduces  the 
efficiency.  Assuming  a  reasonable  cross-section  for  the  process 

2  g 

(a  3QA  )s  the  upper  state  population  should  be  greater  than  n  =  10 

■  “3  ,  .1 

cm  ,  Several  LASER  transitions  are  possible  with  a  gain  a  0,50  meter 

A  similar  process  should  occur  in  rubidium.  The  first 
2 

excited  state  (5  P)  is  severely  trappedp  giving  rise  tc  lifetimes  greater 
than  10  second  (observed  in  the  sister  elementg  sodium), 

A  single  component  system  would  relieve  some  of  the  experi¬ 
mental  difficulties  encountered  in  maintaining  adequa»’e  partial  pressure 
control  in  two-component  gas  discharges. 
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3.0  Work  Planned  for  Next  Period 


a)  The  presence  or  absence  of  a  population  inversion  in  a 
Kr*Xe  niixture  will  be  established, 

b)  With  the  recent  improvement  in  lead  sulphide  infrared 
detectors j  a  gain  measurement  has  become  possible  at  X  -  l,8p,  in  the 
Kr«Hg  system.  This  may  be  attempted  in  an  improved  temperature 
controlled  cell. 

c)  A  possible  enhancement  in  a  pure  ilnc  discharge  will  be 
examined.. 

d)  A  He-  Ne  LASER  will  be  fabricated^  using  the  self-adjusting 
prism  cavity  recently  reduced  to  practice  at  TRG,  (see  Section  VII), 
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IV ,  Optical  Pumping  of  Ruby  (R  line) 

1.0  Sunaaary  of  gork  Performed 

Studies  of  the  spaclal  and  temporal  behavior  of  the  mode 
characteristics  of  the  ruby  (R  line)  LASER  have  been  carried  out. 

Work  has  been  initiated  toward  obtaining  a  relative  figure  of  n«rit 
of  the  optical  quality  of  ruby  crystals. 

2.0  Analysis  of  Work  PerforuMsd 

The  ruby  LASER  was  made  to  oscilla  te  approxijnately  one  year 
ago.  Some  of  the  characteristics  were  given  in  the  report  of  January 
1961,  At  tliat  time  there  was  some  indic-ation  of  a  Fabry*Perot  mode 
pattern  in  the  output  beam  and  a  suspicion  that  the  beam  divergence  of 
15  to  45  minutes  of  arc  was  determined  by  the  mode  spectrum  rather  than 
by  diffraction. 

A  study  of  the  mode  characteristics  of  the  LASER  has  been 
carried  out  and  shows  that  the  off’^axis  Fabry=Perot  modes  play  an 
important  part  in  determining  the  beam  divergence, 

A  study  of  the  variation  of  the  mode  characteristics  during 
the  pulse  was  carried  out  using  a  16  mm  high  speed  streak  camera. 
Pictures  obtained  showed  chat? 

a)  The  area  of  the  filanffintary  region  increased  during  the  pulse. 

b)  Two  separate  oscillating  regions  appeared  to  undergo  relaxa^* 
tlon  oscillations  together^ 
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c)  When  Fabry-Perot  type  ring  patterns  were  observed ^  the  entire 
pattern  appeared  on  every  spike  of  the  relaxation  oscillations. 

These  results  indicate  a  coupling  between  modes  within  the 
crystals  and  also  between  separate  oscillating  regions  within  the 

I 

crystal.  This  coupling  is  very  likely  due  to  scattering  from  defects 5 
strains 5  or  Inhomogeneity. 

The  results  of  these  two  Investigation*  were  presented  at  the 
Optical  Society  Meeting  in  Pittsburgh.  March  2nd  through  the  4th, 

Papers  arc  being  prepared  for  publication  and  preprints  will  be  sub¬ 
mitted  as  soon  as  they  ate  completed. 

Work  has  been  initiated  toward  obtaining  a  relative  figure 
of  merit  of  the  optical  qualltv  of  ruby  crystals.  The  mcthodj  which 
involves  photographing  a  resolution  pattern  in  polarized  light  through 
the  crystal j  will  be  discussed  in  Section  VII.  Figure  4J  shows  some 
of  the  patterns  photographed.  The  ccmparison  between  tlie  resolution 
obtained  and  the  performance  of  the  crystal  to  obtain  some  standard 
criteria  is  a  continuing  project.  The  results  to  date  are  not  con¬ 
clusive. 

Efforts  to  obtain  higher  power  and  improved  performance  are 
continuing,  Figure4^  shows  three  ruby  boules.  The  short  boule  with 
the  rough  finish  is  a  standard  ruby  boule.  The  boule  with  the  polished 
surface  is  1"  diameter  by  2-1/4”  long.  It  was  grown  (by  the  Linde  Co) 
by  a  horizontal  rotating  and  reciprocating  method.  The  physical 
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Boules 

Figure  4.2 
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appearance  of  this  crystal  is  excellent.  However  close  examination 
indicates  growth  rings  c  :  varying  index  around  the  1/4"  clear  sapphire 
center  making  this  crystal  not  useful  for  LASER  application.  The  lone 
(7")  bou’e.  grown  by  another  method  (also  by  the  Linde  Co),  appears  to 
be  wf  good  optical  quality.  This  crystal  and  similar  ruby  rods  obtained 
from  the  Adolph  Meller  Co  (grown  in  Switzerland)  will  be  useful  for 
ruby  amplifier  applications  and  for  ruby  oscillators  of  increased  out¬ 
put  power. 

3.0  Work  Planned  for  Next  Period 


...  Construction  of  ruby  amplifier  and  invest:  "vation  of  its 
properties.  High  output  power  from  long  ruby  rods  is 
expected  and  pulse  sharpening  due  to  saturation  will  be 
looked  for. 

2.  Continuation  of  the  study  of  the  quality  of  ruby  crystals 
by  comparison  of  therr  resolution  with  polarized  light  to 
their  LASER  performance. 
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V.  Optical  Pumping  of  Ruby  (Neighbor  Lines) 
l.Q  Surtmiary  of  Work  Performed 

The  "neighbor  line"  spectrum  of  dark  ruby  was  investigated  to 
determine  the  feasibility  of  using  exchange  displaced  levels  in  a  low 
pow^r  pulsed  or  G.W.  LASER.  The  energy  level  diagram  was  found  to  be 
exceedingly  complex  but  nonetheless  appeared  to  fulfill  the  requirements 
for  excitation  of  oscillation.  An  experiment  was  conducted  in  which  the 
dark  ruby  sample,  cooled  to  2®K  and  pulse-excited,  was  observed  to  emit 
fluorescent  radiauion  of  sufficient  spectral  Intensity  to  cause  oscillation 
Oscillation  was  not  produced,  however,  because  of  the  poor  crystal 
quality  of  the  samples  and  the  resultant  high  scattering  losses  which  it 
cause.. . 


2.0  Analysis  of  Work  Performed 
2,1  Intrc auction 

•k 

The  two  prominent  red  R  line's  at  X6920A  and  X6934A  in  the 

[6] 

fluorescent  spectrum  of  pink  ruby  arise  from  a  level  of  the  free  Gr 

ion  which  is  shifted  and  split  by  the  internal  electric  field  of  the 

[71 

corumdum  lattice  .  The  chromium  ion  which  has  replaced  an  aluminum 
ion  in  the  crystal  lattice  finds  itself  in  an  electric  field  of  pre¬ 
dominately  octehedral  symmetry  with  an  additiGn.al  trlgonai  component. 


*  Wavelength  and  wavenumber  are  vacuum  designations  for  T  <  77^K. 

[6]  pink"  ruby  signifie*^  a  chromium  oxide  content  of  up  to  0.1  Wt%, 
"standard" ruby  from  0.1  to  0.6Wt%  and  "dark"  ruby  indicates  higher 

concentrations. 

[7]  y.  Tanabe  and  S.  Sugano,  J.  ?hys.  Soc.  (Japan)  9,  753,  766  (1954) 
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Crystal  field  theory  shows  that  the  C  fold  orbitally  degenerate  G  level 

-1 

ot  the  free  ion  at  >,000  cm  will  be  split  by  the  octehedral  component 

of  the  crystal  field  into  four  levels;  an  orbital  doublet,  two  orbital 

triplets  and  an  orbital  singlet.  The  lowest  of  these  is  the  doublet  which 

*1 

is  turther  split  by  29  cm  into  two  components  by  the  trigonal  components 

of  the  crystal  electric  field  at  the  cation  site.  It  is  the  transition 

from  these  two  doublet  componaits  to  the  ground  state  that  produces  the 

-1  -1  [*i 

strong  red  fluorescence  at  14,418  cm  and  14,447  cm 

It  is  observed^^  ^  tliat  as  the  concentration  of  chromium  is 


Increased  new  fluorescent  lines  appear  slightly  to  the  red  of  the  "R” 
lines.  These  new  lines  are  not  accounted  for  in  the  theory  of  Sugano  and 
Tanabe.  It  is  also  observed  that  in  absorption  some  of  these  lines 


vanish  at  low  temperatures  ( <  77*k)  indicating  that  the  transition 
terminates  on  a  level  lying  above  the  ground  state  bv  10  to  100  cm 


=  1  [8] 


Because  of  the  concentration  dependence 


of  the  intensity 


of  the  neighbor  lines,  their  explanation  must  necessarily  involve  some 
m'-tual  interaction  between  near  neighbors.  One  explanation  which  has  been 

[9l  [Id 

advan.;ed  supposes  an  anti-ferro  magnetic  exchange  interaction  be¬ 

tween  nnlghboring  pairs  through  the  interposed  oxygen  ions.  It  is  likely. 


f Under  good  conditions  each  line  is  seen  to  be  further  split  into  doublets 
with  spacing  approximately  0.3  cm"  .  This  is  due  to  residual  spin* 
orbit  coupling  which  splits  the  spin-doublet  ground  state. 

[ ?]  0.  Deutschbein-AnnaX  der  Physik 

[S]  S.  F.  Jacobs,  unpublished  Thesis^  Johns  Hopkins  U.  1954 

[9]  A.  L,  Schawlow,  D.  L.  Wood.  A.  M,  Clagston.  Phys.  Rev.  Letter^;  3  271. 
(1959) 

[10]  L.  Retrjai,  et  ai,  Phys.  Rev.  Letters  4  125  (1960) 
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that  the  largest  term  in  the  ground  state  exchange  interaction  Hamiltonian 

til 

has  the  foxrm  J(S  *  S  )  where  S,  is  the  vector  spin  of  the  i  ‘  member  of  the 

12  r 

pair.  This  ter*n  is  diagonalized  by  eigen  functions  of  total  spin 
S  =  +  $2  =  SjZjljO,  The  eigenstates  have  energies  J,  3J,  6J  with 

respect  to  the  ground  level ,  S  =  C,  They  obey  the  Lande  interval  rule. 
Because  in  the  ground  state  the  exchange  interation  is  expected  to  be 

-1 

larger  than  the  residual  spin^orbit  coupling  that  is,  greater  than  1  cm 

we  are  led  to  expect  that  the  lower  satellite  levels  will  tend  to  follow 

the  interval  rule.  In  the  excited  levels  however,  the  larger  trigonal 

field  splitting  will  cause  deviv‘'lons.  Support  for  the  exchange  hypothesis 

comes  from  the  anti-ferromagnetic  property  of  pure  chromic  oxide  . 

ClO] 

Paramagnetic  resonance  data  taken  at  room  temperatures  and  lower  also 

seems  to  support  this  hypothesis  and  indeed  gives  the  interaction  energy 

for  nearest  neighbors,  third  nearest  neighbors^  fourth  and  so  on. 

2.2  Determination  of  the  Energy  Level  Diagram  for  Ruby  Neighbor  Lines 

It  is  obse^'yed  that  of  the  more  chan  30  neighbor  lines  to  be 

seen  at  temperatures  higher  than  77 *K,  two  are  especially  bright  and  in 

fact  can  be  seen  weakly  even  in  pale  ruby.  They  are  found  at  ^7010.3A 

and  i7042,5A,  At  the  temperature  of  pirciped  liquid  He  (T<  2®K)  all  but 

[  The  experiments  performed  failed  to  reveal  the  resonance  due  to 
2nd  nearest  neighbors.  Reasons  for  this  failure  are  not  knovm. 
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11  lines  vanish  while  the  two  mentioned  increase  in  intensity.  It  was 
initially  supposed  by  us  that  the  X7010A  and  X7042A  fluorescence  repre¬ 
sented  transitions  out  of  the  lowest  metastable  state  of  non-equivalent 
pairs,  and  that  higher  levels  of  each  pair  were  coupled  strongly  via 
lattice  interactions.  The  remaining  lines  at  2*K  were  assumed  to  be 
transitions  out  of  these  metastable  levels  to  other  members  of  the  ground 
complex. 

To  verify  these  assumptions  the  experiment  shown  in  Figure  5.1 

was  arranged.  With  this  equipment,  the  monitor  spectrometer  was  tuned 

to  one  of  the  strong  satellite  lines  emitted  by  the  ruby  sample  inside 

the  dewar  vessel.  The  sample  was  excited  by  light  from  the  monochromator 

whose  wavelength  drive  was  programmed  to  scan  slowly  over  the  region 

-1 

about  14.000  cm 

With  the  sample  at  a  low  temperature,  such  that  the  population 
ot  the  lowest  excited  member  of  the  ground  complex  is  not  populated 
significantly,  fluorescence  was  detected  by  the  spectrometer  each  time 
the  monochromator  passed  light  correspondii.^,  to  a  transition  from  ground 
to  a  Tiiember  of  the  excited  complex  above  the  emitting  metastable  level. 
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TABLE  5 , 1 


Details  ot  Equipment  of  Figure 


Spectrometers  JACOj  Model  82000  0.5  ra  Ebert;  1800  £/mm  Grating,  1st 

order  linear  dispersion  9A/mm;  slit  height  3  mm. 


Honochromator;  Perkin ~Elmer  Model  98C3  automatic  scanning;  1200  i/mm; 

52  X  52  mm  Bausch  and  Lomb  grating,  IsC  order  linear 
dispersion  33A/nun;  slit  height  3  mm. 


Art  Source;  Bausch  and  Lomb  automatic  feed  5  Amp  A,  C,  Cored  Carbon 

Arc  or  Hanovia  No,  538-C  high  pressure  xenon  arc. 


Detector;  Eil  9558- B  photomultiplier. 

Recording 

System;  Monochromator  output  light  mechanically  chopped  at 

35  cps;  chopper  reference  and  signal  demodulated  in 
Sanborn  Servo  Monitor  preamplifier  driving  a  Bristol 
Recorder. 


Sample  400  mesh  chips  of  approximately  0.6%  Cr  0„  ruby  packed 

into  1  mm  I.  D.  5  mm  length  capillary  imersed  in  the 
cryogenic  fluid. 
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The  procedure  described  was  repeated  for  five  of  the  neighbor 
lines  which  appear  in  emission  at  2*K.  Others  emitted  too  weakly  to 
permit  a  reliable  determination  of  levels.  At  2*K  it  was  certain  that 
all  fluorescence  exciting  transitions  were  from  the  ground  state  or 
from  states  lying  within  10  cm  ^  of  ground. 

From  the  experimental  data  we  may  determine  the  position  of 
the  metastable  level  from  which  the  neighbor  line  under  investigation 
originates.  Thus  we  find  that  three  metastable  levels  are  involved 
suggesting  the  occurence  of  three  non-equivalent  pairs.  Although  there 
is  yet  some  uncertainty,  we  show  in  Figure  f.’  a  set  of  three  metastable 
levels  and  ground  complexes  which  fit  the  data.  Figure  j,2  does  not  show 
all  the  levels  of  each  system,  but  it  should  be  noted  that  in  the  case 
of  (a)  and  (c) ,  a  Lande  interval  spacing  is  suggested,  the  former  being 
inverted  with  respect  to  the  latter.  Levels  of  system  (b)  higher  than 
50  cm  ^  above  ground  would  not  appear  in  the  experimental  data  because 
77®K  was  the  nighest  temperature  of  the  sample. 

^  Stimulated  Emission  of  the  Ruby  Neighbor  Lines 

The  energy  level  diagrams  of  Figure  _2sho\a  that  the  str 
neighbor  lines  X7010  and  A7042  terminate  on  levels  which  are  not  theritially 
excited  at  liquid  helium  temperatures  (T<4^K).  Also,  these  j  '  nes  arc 
strongly  excited  by  absorption  of  light  in  the  well  known  "green'*  band 


TECHNICAL  RESEARCH  GROUP 


Fixture  5,2 


47. 


of  ruby.  Thus  it  should  be  possible  to  excite  stimulated  emission  and 
LASER  oscillation  by  the  absorption  of  relatively  small  amounts  of  pump 
power . 

nit  experiment  to  measure  the  peak  spectral  intensity  of  the 
neighbor  lines  under  flash  excitation  was  conducted.  The  equipment  used 
was  similar  to  tliat  shown  in  Figure  5.1  except  that  four  100  joule  flash 
lamps  were  focussed  through  the  dewar  ports  on  the  sample  (a  rod,  2  mm 
diameter  x  25  mm  length).  It  was  not  possible  to  completely  evaluate 
the  results  because  we  do  not  yet  know  the  quantum  degeneracy  of  the 
metastable  and  terminal  levels.  On  the  basis  that  they  areajualj  suffi¬ 
cient  intensity  was  observed  to  expect  LASER  oscillations.  When  the  rod 
ends  were  polished  flat  and  mirrored,  no  evidence  of  oscillation  was  seen. 
This  result  is  attributed  nialnly  to  the  large  scattering  loss  which  a 
light  ray  suffers  in  traversing  the  length  of  the  rod,  requiring  a 
higher  gain  through  the  rod  than  would  be  expected, 

3.0  Plans  for  Next  Period 

As  ruby  crystal  quality  improves,  it  becomes  meaningful  to 
repeat  the  neighbor  line  experiments .  It  is  planned  to  obtain  such 
improved  samples,  if  possible  and  make  a  further  effort  toward  pro¬ 
ducing  oscillation  with  low  power  excitation. 
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1.0  Summary  of  Work  Performed 

Single  crystal  boules  of  calcium  tungstate  containing 
^various  concentrations  of  trivalent  europium^  terbiumj  dysprosium, 

^  and  praseodymium  were  grown.  The  crystals  containing  Pr  have  not 
^rbeen  evaluated.  Difficulties  were  encountered  in  obtaining  boules 
E containing  Eu  and  Tb  with  the  high  emission  intensity  characteristic 
-of  flux  grown  crystallites  of  the  same  material.  Crystals  containing 
|Dy  however  grow  well  and  fluoresce  strongly, 

“  Some  of  the  latter  crystals  were  ground  and  polished  to 

* 

^  lASER  tolerances  and  oscillation  atteiiq>ted  on  a  pulsed  basis.  While 
I  the  brightness  of  the  output  was  more  than  adequate  for  lASER  oscilla'^ 

I  tion,  no  oscillation  was  observed.  Studies  of  crystal  perfection 
^  indicate  that  the  internal  quality  of  these  crystals  is  not  yet  adequate. 
A  solution  containing  Europium  (EusTlA)  was  evaluated  as 
the  active  media  of  a  lASER  oscillator.  The  engineering  difficulties 
with  this  system  were  found  to  be  very  great.  Work  on  this  solutiong 
though  still  promising,  was  dropped  in  view  of  the  encouraging  results 
with  the  tungstate  crystals. 

Some  effort  on  other  host  media  than  the  tungstates  was 
continued  and  has,  as  yet,  not  given  positive  results. 
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2*0  Analysis  of  Work  Performed 


2.1  Crystal  Growth 


Measurements  at  low  power  on  the  fluorescent  intensity  of 
small,  flux  grown,  single  crystals  of  CaWO^  containing  Eu  compared  to 
the  fluorescent  intensity  of  ruby  indicated  that  calcium  tungstate 


crystals  containing  Eu  ,  Dy’^^s  and  possibly  others  would 

oscillate  at  considerably  lower  power  than  ruby  provided; 

a*  Large  single  crystals  had  the  same  fluorescent 
efficiency  as  the  snutll  flux  grown  variety. 

b.  Crystals  obtained  by  pulling  from  the  melt  had 
adequate  perfection  and  optical  clarity. 

c.  Unforseen  difficulties  did  not  arise  such  as 
pumping  out  of  the  excited  state,  etc. 

The  intensity  measurements  were  made  only  on  crystals 

containing  Fu  and  the  results  extrapolated  to  Tb  and  Dy  by  using  the 

[ill 

data  of  Soden  and  Van  Uitert 


Initially  the  trivalent  ions  of  Eu,  Tb,  and  Dy  were  con-^ 
sidered  most  promising  in  that  order.  The  level  structure  of  Eu 

is  most  suitable  because  the  emitting  level  (of  the  6100A  transition) 

.  5  7-1 

is  the  singlet  state  and  the  lower  level,  at  1000  cm  above 

ground,  is  neither  excessively  high  nor  too  low  to  operate  at  room 

temperature.  The  emission  irtensity  is  hi^h  (in  flux  grown  crystals) 

[U]  L.  G,  Van  Uitert  and  R.  R.  Soden,  J.  Chem.  Phys.  ^  1161  (I960); 
J.  Chem,  Phys.  1687  (1960) |  also  personal  communication. 
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and  there  is  no  significance:  concentration  quenchings  Tb  (at  545QA)  also 


»  »  W 


has  a  high  emission  intensity  and  no  significant  concentration  quenching. 
However s  the  degeneracies  involved  in  the  transition,  to  are 

I  ^  b 

less  favorable.  The  strong  transition  in  Dy  (5750A,  F  .  to 

r  1  11/2 

6  [UJ  +++ 

^13/2^  is  co’^centration  quenched  at  about  1  mole  per  cent  Dy 
This  transition  was  observ^ed  to  have  a  very  narrow  linewidth  at  low 
temperatures 3  however g  and  is  considered  very  promising. 

Crystals  of  CaWO^  containing  various  concentrations  of  Eu, 

Tbg  Dy,  and  Pr  have  been  grown.  Most  of  the  problems  of  obtaining 
boules  of  adequate  size  have  been  overcome  so  that  it  is  normal  to 
obtain  a  reasonable  boule  on  each  attempt.  A  more  substantial  apparatus 
for  pulling  crystals  has  been  constructed  and  put  into  use.  The  pulling 
apparatus  is  shown  in  Figure  6.1.  The  crystals  grown  have  been  encoura¬ 
ging  but  yet  inadequate. 

a.  Europium 

Boules  were  grown  containing  5%,  27.  and  0.16%  Eu. 

These  crystals  vrere  black  to  dark  red  and  showed  little  fluorescence, 
in  sharp  contrast  to  the  microcrystals  of  the  same  material  grown  from 
a  flux.  Difficulties  were  also  encountered  in  cracking  of  the  crystals 
upon  cooling  after  the  crystals  were  pulled.  Very  slow  cooling  alleviates 
this  problem. 


W  fr  j  «=»  ^  •;»  13  i_*  <  _•  t  J  t. 
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Considerable  changes  in  the  color  and  the  emission  were 

observed  when  some  of  these  boules  were  annealed.  A  second  group  of 

* 

boules  were  grown  with  similar  results  except  that  these  required  con- 

i 

siderably  longer  periods  of  annealing  (5  days  at  1450*C)  before  the 
changes  in  color  and  increased  emission  were  observed.  An  X-ray 
analysis  failed  to  show  any  differences  between  these  two  sets  of  boules. 

The  most  likely  explanation  for  these  results  on  Eu  in  CaWO^ 
is  that  the  crystals  grow  with  an  oxygen  deficiency.  This  would  account 
for  the  coloration  and  the  changes  which  occur  after  long  periods  of 
annealing.  The  ionic  diffusion  rate  in  calcium  tungstate  at  elevated 
teiiq>eratures  is  well  known.  Oxygen  could  thus  be  absorbed  during  the 
annealing  process.  Future  growth  of  Eu  in  CaWO^  will  be  done  in  an 
oxygen  atmosphere. 

b.  Terbium 

One  group  of  boules  containing  teii>lum  in  various  con» 
centra tions  was  grown.  These  were  opticallv  clear  but  lacked  the 
strong  emission  intensity  characteristic  of  the  flux  grown  crystals. 
Annealing  these  crystals  failed  to  improve  their  emission  intensity. 

The  sintered  powder  of  NaTb(W0^)2  used  to  dope  the  calcium  tungstate 
powder  for  growing  was  not  ’  -gnly  fluorescent  and  appeared  to  have  a 
brownish  tinge  characteristic  of  four-valent  terbium.  This  situation 
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was  corrected  and  doping  material  is  now  available  which  is  \diite  and 
highly  fluorescent.  Future  growing  and  annealing  of  these  crystals  will 
be  done  in  an  argon  atmosphere  to  prevent  the  absorption  of  oxygen. 

The  terbium  should  thus  be  kept  in  the  trivalent  state. 

*  '  » 

c.  Dysprosium 

Many  boules  of  calcium  tungstate  containing  various 
concentrations  of  Dy  have  been  grown.  These  crystals  appear  opti¬ 
cally  clear  and  their  growth  does  not  present  the  problems  associated 
with  the  crystals  containing  Eu  or  Tb,  They  are  highly  fluorescent 
(X  «  5740A)  and  appear  very  promising  as  the  active  media  for  lASER 
oscillation.  The  evaluation  of  these  crystals  will  be  reported 
separately. 

d.  Praseodymium 

One  group  of  boules  containing  four  different  concentra¬ 
tions  of  Pr  has  been  grown.  The  crystals  were  pulled  in  an  argon 
atmosphere  because  of  the  well  known  tendency  of  Pr  to  be  converted  to 
the  quadri  valent  state.  The  crystals  were  optically  clear  but  have 
not  yet  been  evaluated. 

e .  Growth  of  other  crystals 

Other  host  media  for  rare  earth  salts  are  being  worked  on 
with  reduced  priority  as  time  permits.  These  include  mainly  anhydrous 
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lanthanum  chloride  in  single  crystal  form  and  a  variety  of  sintered 
crystalline  powders  containing  rare  earth  salts. 

A  relatively  new  approach  has  been  adopted  for  the  synthesis 
of  lanthanum  chloride  crystals  containing  rare  earth  chlorides. 

Equipment  has  been  set  up  for  pulling  a  single  crystal  out  of  the  melt 
in  an  atmosphere  of  hydrogen  chloride.  An  initial  run  has  been  com¬ 
pleted  with  partial  success.  If  this  method  proves  feasible  the  single 
crystals  will  be  coated  with  a  film  to  make  them  impervious  to  moisture 
and  then  evaluated  for  LASER  possibilities. 

Sintered  powders  of  many  mired  oxides 3  chlorides,  and  fluorides 
containing  rare  earths  are  being  prepared.  They  have  not  yet  been 
evaluated. 

2,2  Evaluations  of  Eu;TTA 

As  reported  earlier  this  solution  has  sufficient  brightness  of 
emission  to  give  LASER  oscillation  at  room  temperature  with  pulsed  ex¬ 
citation  lower  than  required  for  ruby.  The  difficulties  involved  in  the 
use  of  this  solution  were  stated  in  previous  reports  on  this  program, 
namely 

a.  Difficulty  cf  containment  of  the  liquid  in  the  presence  of  the 
strong  t‘xcitation  flash,  particularly  in  a  tube  with  the  required 
tolerances . 

b.  Photosensitivity  of  the  organic  compound. 
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It  was  felt  that  the  photodissociatlon  of  the  molecule  could 
be  overcome  by  circulation  of  fresh  solution.  The  containment  of  the 
solution,  however,  has  proved  to  require  an  effort  beyond  chat  which 
could  reasonably  be  devoted  to  this  problem,  particularly  in  view  of 
the  encouraging  results  on  the  folid  state  systems* 

The  problem  of  containment  is  difficult  because  the  solvent 
used  (alcohol,  ether,  isopentane)  has  a  boiling  point  of  29*C,  Other 
solvents  were  tried  but  no  other  solution  had  as  high  an  emission 
intensity  and  could  not  contain  a  sufficiently  high  concentration  of 

t 

TTA  for  lASER  action.  Freezing  of  the  solution  at  liquid  nitrogen 
temperatures  failed  since  the  resulting  highly  viscous  glass*like 
liquid  almost  invariably  cracked  before  it  could  be  used.  It  then 
seemed  that  the  shock  wave  generated  by  sudden  local  boiling  must  be 
contained.  Capillary  tubes  were  tried  but  none  were  obtained  with  the 
required  tolerances.  They  presented  one  further  problem--^ that  of 
bubble  formation  in  the  capillary  tube.  After  a  flash  of  the  excita- 
tion  light  it  was  difficult  to  clear  the  bubbles  from  the  tube  even 
with  Infi  lling  with  cooled  liquid  since  new  bubbles  would  invariably 
form. 

The  decrease  in  emissicn  as  a  function  of  total  energy  of 
excitation  wr^s  measured.  The  results  of  this  measurement  ate  shown  in 
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Figure  6.1  ,  Each  point  required  care  to  remove  the  bubbles  from 

the  tube.  The  liquid,  which  was  recirculated  continuouslyj  had 

3 

a  total  volume  of  220  cm  .  The  highest  emission  intensity  observed 
with  fresh  solution  indicated  that  this  material  would  have  given 
LASER  oscillation  at  room  temperature  with  a  threshold  energy  to  the 
lamp  of  1/10  tl^t  required  for  ruby.  These  calculations  are  based 
on  a  capillary  tube  1/8*'  inside  diameter ^  3"  long,  with  95%  reflecting 
plates,  assuming  the  solution  of  the  engineering  difficulties  connected 
with  its  use. 

Similar  problems  (in  particular^  photodi? satiation)  might 
be  expected  with  other  organic  compounds  in  the  presence  of  strong 
flashes  of  excitation  light.  The  strong  excitation  is  presently 
required  because  of  non*radiat:.,ve  processes  which  reduce  the  quantum 
efficiency  of  most  rare  earth  compounds.  When  these  processes  are 
understood  and  overcome  the  characteristic  wide  absorption  bands  of 
organic  compounds  should  prove  to  be  advantageous, 

2.3  Evaluation  of  CaW0/,;;Dy  for  LASER  Oscillation 

--|-i  ^.1,^1 

Spectrographic  analysis  of  the  cmis  sion  spectra  of  Dy 
in  CaWO^  indicated  a  very  narrow  linewidth  at  low  temperatures. 

This  fact  alo.^-?  with  the  strong  emission  and  the  lack  of  some  of  the 
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pioblems  in  growth  associated  with  Eu  and  Tb  in  CaWO^  made  this  crystal 
sufficiently  promising  to  warrant  further  investigation, 
a<  Excitation  and  emission  spectra 

The  emission  spectra  of  the  group  of  lines  in  the  neighbor¬ 
hood  of  5700A  was  taken  at  liquid  nitrogen  and  liquid  helium  tenq>era- 

6  6 

tures.  These  transitions  are  from  the  ^iy2 

3500  cm  above  ground.  (See  level  diagram  of  Figure  6.2  .)  The  wave¬ 
lengths  of  emission  are  tabulated  in  Table  6.1.  The  excitation  wave 

6 

numbers  which  are  effective  in  exciting  the  F, ,  .  level  are  tabulated 

11/2 

in  Table  6.2.  These  are  so  numerous  as  to  preclude  obtaining  an  accurate 
level  designation  for  each  transition  without  a  great  deal  more  work. 

The  excitation  bands  are  relatively  narrow.  The  strongest j  a  group 
around  45OQA5  have  individual  widths  of  about  1.5  at  helium  teuqiera- 
tures.  The  narrow  line  absorption  is  a  drawback  as  far  as  lASER 
oscillation  is  concerr^d.  Tht^  are  sufficiently  numerous ^  however ^ 
to  give  an  emission  intensity  of  the  5740A  line  which  appears  adequate 
for  LASER  oscillations. 


b.  Linewidth  and  lifetime 


The  emission  lines  are  not  well  resolved  at  room  temperature. 
The  width  of  the  5740A  line  is  about  8^^10A.  At  nitrogen  temperature 
the  lines  are  all  resolved  and  the  width  decreases  to  lA.  The  same 
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Emission  Spectra  in  CaWO/^ 


77®K 

4*K 

5763A 

not  measured 

5752 

5750 

5750 

5737 

5737 

5736 

5734 

5732 

5730 

5731 

5727 

5727 
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Excitation  Spectra  for  5737  Line  of  D] 


in  CaWO. 


Relative  Relative  Relative 
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Intensity 
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line  at  liquid  helium  temperatures  has  a  linewldth  of  0.15A  in  the 

more, dilute  samples  and  0.23A  in  the  0.8%  Dy  sample.  The  peak  emission 

intensity  varies  nearly  inversely  with  linewidth.  The  measured  lifetime 
6 

of  the  Msec  independent  of  temperature, 

c.  Emission  intensity 

To  check  the  absolute  emission  intensity  a  crystal  was  placed 

into  the  helical  xenon  flashlamp  used  to  excite  the  ruby  oscillator. 

The  crystal  was  grown  from  a  melt  contaitiing  1%  molar  concentration  of 
+++ 

Dy  5  was  cut  1"  longj  and  had  a  diameter  (somevHiat  uneven)  of  about 
3/16”,  Both  ends  were  polished  for  optical  transmission^  although  not 
to  the  tolerances  required  for  lASER  oscillation.  The  crystal  contained 
visible  flews  which  would  make  It  inadequate  for  use  as  a  lASER  crystal. 
Scattering  in  the  crystal  however  does  not  have  much  effect  on  the 
results  of  the  present  experiment  since  in  a  reasonably  isotropic  field 
as  much  light  is  scattered  into  the  solid  angle  of  observation  as  out 
of  it.  By  the  same  token  this  experiment  gives  lltttle  indication  of  the 
optical  perfection  of  the  crystal. 

The  output  was  detected  through  a  0,5  M  Jarrell-Ash  mono¬ 
chromator  by  a  photomultiplier.  The  response  of  the  system  was  measured 
with  a  standard  lamp  calibrated  by  the  National  Bureau  of  Standards. 
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With  an  input  of  500  joules  into  the  flashlamp  the  measured  brightness 
of  the  crystal  was  0.26  watts/cm  /ster  A  at  room  temperature.  The 
duration  of  the  flash  at  this  input  energy  was  approximately  500  |xsec^  or 
twice  the  lifetime  of  the  upper  level  in  Dy.  Increase  in  energy  of  the 
flash  by  addition  of  cepacitance  mainly  Increased  the  duration  of  the 
flash  rather  than  the  peak  power  and  thus  should  have  only  a  small 
effect  on  the  peak  brightness  of  the  Dy  crystal.  This  analysis  was 
verified  experimentally,  If^  on  the  other  handy  the  flash  duration 
were  made  shorter  than  the  lifetime  of  the  upper  level  of  Dy  the  same 
energy  input  would  give  about  a  factor  of  two  increase  in  brightness 
of  the  crystal. 

The  absolute  brightness  of  a  ruby  crystal  with  unsilvered 
faces  was  checked  in  the  same  way  with  an  input  of  500  joules. 

Measured  brightness  was  nearly  one  fourth  that  computed  to  be  required 
for  oscillation.  Since  the  lifetime  of  the  level  in  ruby  is  4  msec 
an  increase  in  lamp  energy  does  increase  the  output  brightness  of  the 
ruby  crystal  proportionately.  The  measured  threshold  of  this  particular 
crystal  (now  with  silvered  faces)  was  2300  joules  input  to  the  lamp. 

The  close  agreement  between  the  predicted  and  measured  threshold  of 
rubyy  based  on  brightness  measurements  at  lower  power 5  give  increased 
confidence  on  the  "validity  of  the  brightness  measuren^nts. 
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The  brightneai  required  tor  LASER  oscillation  at  5740Ag 


assuming  5%  losses  (in  transmissiong  absorption^on  reflection^ 

scattering,  etc.)  is  0.94  watts/cm  /ster  A.  This  also  assumes  an 

unpopulated  lower  level  of  the  LASER  tansition  (as  is  the  case  for  Dy 

in  pulsed  operation).  This  value  of  required  critical  brightness  must 

also  be  multiplied  by  the  product  of  the  degeneracies  of  upper  and 

lower  states  which  contribute  to  the  measured  brightness.  In  the  case 

of  Dy  the  narrowness  and  symmetrical  shape  of  the  574QA  line  at  low 

tenqjeratures  indicates  that  the  transition  may  be  between  single  non> 

degenerate  states 5  cr^  at  worsts  between  doubly  degenerate  upper  and 

lower  states.  The  required  critical  brightness  for  this  transition 

2 

in  Dy,  0,94  watts/cm  /ster  A^  is  thus  uncertain  by  no  more  than  a 
factor  of  4. 


From  these  measurements  the  expectations  for  these  crystals ^ 
given  as  the  ratio  of  input  energy  for  threshold  conq>ared  to  that 
for  ruby,  is  as  follows? 


(E  /E  )  crit 
T  ^  d/  _ 

300*K  0.5  ■=  2 


77*K  0.05  ‘  0.2 

4*K  0.012  -  0.05 


These  calculations  are  based  op_  cxciLation  by  xenon  flash- 


P iLsec_  dura ULpn^  s uc^^  as_  the^  s t ralghj:_  Ij^s^ ®  • 


*  This  brightness,  as  well  as  brightness  measurements  quoted,  is  that 
just  inside  the  output  face  of  the  crystal.  The  measured  brightness 
in  air  will  be  reduced  from  thiS  value  by  the  refraction  at  the  crystal 
air  interface.  TECHNICAL  RESEARCH  GROUP 


65» 


d,  ExperinanCs  with  optically  polished  crystals 
Two  crystals  of  CaWO^sDy  have  been  polished  with  ends  flat 
to  X/4  and  parallel  to  15  seconds  of  arc.  The  finished  crystals  were 
1/4’*  diameter  and  7/8”  long^  and  had  a  ground  finish  on  the  sides. 

ue  Oi  these  is  shown  in  Figure  6.2.  The  concentrations  were  0.033% 
and  0.8%  Dy  (in  the  melt) p  and  neither  was  annealed.  The  crystals 
appeared  optically  clear  in  ordinary  light.  The  resolution  through  the 
crystals  with  polarized  light  was  reasonable  for  the  0.033%  Dy  crystal 
and  poor  for  the  0.8%  crystal.  A  great  deal  of  scattering  is  thus 
indicated  in  the  latter  crystal.  Nevertheless  LASER  oscillation  was 
attempted  in  this  crystal  in  the  hope  that  filaments  of  good  quality 
might  exist  which  would  not  be  obser*>/ed  by  the  resolution  technique 
because  of  the  aperture  used.  The  Intensity  of  emission  cf  the  crystal 
with  lower  concentration  was  not  adequs^^^c 

The  first  attempt  was  made  with  the  0.8%  Dy  crystal  at 
nitrogen  tenqjerature  in  a  smallp  specially  designed  glass  dewar 
surrounded  by  6  xenon  flashlamps  of  the  GE  FT  =91  type..  The  flash 
tubes  were  surrounded  by  a  cylindrical  reflectcr  of  A1  foil  outside 
*.  quartz  tube.  Precautions  were  taken  tc  exclude  moisture  from  con¬ 
densing  inside  the  enclosure,,  No  bright  yellow  beam  was  observed  when 
the  lamps  were  flashed  with  an  energy  sufficient  to  cause  oscillation 
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Figure  6.2 

Polished  Crystal  of  CaWO^^Dy 
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in  ruby.  The  eye  is  more  then  100  times  as  sensitive  to  light  «t 
5740A  es  to  the  6943A  light  from  ruby  so  that  this  method  would  appear 
to  be  a  sensitivt'.  test  for  detecting  an  oscillating  beam.  Subsequently 
the  crystal  cracked  so  that  measurements  could  not  be  made  to  verify 
that  the  brightness  was  indeed  5  to  20  tiii«s  the  critical  brightness. 

The  brightness  of  this  crystal  had  been  measured;,  however, 
in  the  helium  dewar.  With  four  FT91  lamps  excited  by  a  pulse  energy 
of  180  joules/lamp  the  measured  brightness  was  0.67  watts/cm  /sterA 
at  liquid  helium  temperatures.  While  this  is  not  adequate  it  corresponds 
closely  to  expectations  this  situation  based  upon  the  previous  cal¬ 
culations.  The  excitation  efficiency  is  low  in  this  arrangecMint  be¬ 
cause  of  the  necessity  of  focussing  the  lamp  flashes  into  the  dewar 
by  means  of  lenses,  with  the  resulting  loss  of  solid  angle  of  excita“ 
tion. 

The  conclusions  derived  from  these  results  are  that  the 
crystal  did  not  oscillate  because  of  the  lack  of  optical  perfection, 
that  more  perfect  cyrstals  will  oscillate  at  nitrogen  temperatures  or 
somev^rt  above,  and  that  oscillation  at  room  temperature  will  be 
difficult.  These  conclusions  will  be  checked  on  other  crystals  being 
grown  or  in  the  process  of  polishing.  The  scattering  losses  in  the 
crystal  were  expected  to  be  reduced  by  growing,  the  crystals  more  slowly. 
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e.  Other  experiments  on  Dy 

No  attempt  has  yet  been  made  to  orient  the  crystals  grown. 
Orientations  cf  some  of  the  boules  have  been  checked  by  a  u^thod  similar 
to  that  suggested  by  Str..ndberg.  These  boules  have  had  the  c  axis 
oriented  at  various  angles  with  respect  to  the  boulc  axis.  They  were 
grown  from  seeds  cut  more  or  less  randomly  from  other  boules  so  that 
the  direction  of  easiest  growth  is  not  well  known.  The  two  crystals 
which  were  polished  had  the  c  axis  oriented  at  32*  and  38*  from  the 
rod  axis. 

As  yet 3  the  most  desirable  orientation  is  not  known.  Polari¬ 
zation  of  the  emitted  light  has  been  observed  and  these  effects  are 
being  studied.  Absorption  coefflcfents  have  not  yet  been  measured. 

Thi-s  also  plays  a  part  In  determining  the  most  desirable  orientation 
of  the  crystal  axis. 

The  effect  of  annealing  on  the  properties  cf  the  crystal 
is  also  being  studied.  Preliminary  studies  indicate  that  annealing 
does  not  cliange  the  emission  intensity  at  room  temperature. 

A  wet  chemic4il  analysis  is  being  conducted  to  determine  the 
actual  concentration  cf  Dy  in  the  crystal.  In  conjunction  with  this 
program  the  optimum  concentration  will  be  detemined,  I(>  Is  possible 
[1^  M.W.P.  Strandberg  and  R,  P,  Mattuckj  Rev,  Sci.I,  30^  195  (1959) 
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that  a  compromise  may  have  to  be  cuide  to  achieve,  optical  clarity  since 
the  latter  often  varies  inversely  as  the  impurity  concentration. 

3.0  Work  Planned  for  Next  Period 

a)  Continued  growth  and  evaluation  of  CaWO^  containing  Dy,  This 
program  includes  slower  growth  of  oriented  crystals  and  should  lead  to 
a  pulsed  LASER  at  574QA. 

b)  Growth  and  annealing  of  CaWO^  containing  Eu  and  Tb  in  controlled 
atmospheres  to  maintain  the  rare  earth  ion  in  the  trivalent  state. 
Evaluation  of  crystals  grown. 

c)  As  time  permits j  the  following  programs  will  also  be  carried 

out: 

1)  Growth  of  anhydrous  L^Cl^  by  piilltng  from  the  melt. 

Doping  with  rare  earths. 

2)  Growth  of  SrCl  by  pulling  from  the  melt  and  doping 
with  rare  earths ^  In  particular  with  Sm  ' , 

3)  Evaluatioi.  of  sintered  powders  of  mixed  compounds 
containing  rare  earths. 
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VII.  Qpcical  Measurements  and  Devices 
l.Q  Suimnary  of  v7ork  Performed 

a)  Two  new  foms  of  the  Fabry-Perot  interferometer  have  been 
constructed  which  are  far  superior  to  the  F.P.  in  adjustment  tolerances. 
Haidinger  fringes  have  been  observed  in  both  the  retroref lective  corner* 
refleccor*vs“flat  and  crossed-roof  interferometers. 

b)  A  relatively  simple  optical  system  has  been  devised  to  indicate 
the  optical  quality  of  crystals  to  be  used  for  L'.SER  operation. 

c)  A  method  has  been  devised  to  measure  the  orientation  of  the 
c  axis  of  uniaxial  crystal  boules  w'-h  irregular  sides. 

2.0  Analysis  of  Work  Perfomed 

2.1  Crossed  Roof  Prism  Interferometer 

When  a  medium  with  a  negative  absorption  coefficient  is  ron* 

tained  within  a  tuned  optical  cavity  sustained  oscillations  are  possible 

provided  the  gain  of  the  medium  exceeds  the  losses  in  the  cavity.  The 

[13] 

plane  Fabry-Perot  interferometer  has  been  used  in  this  way  .  and  is 
conceptually  the  simplest  cavity.  However,  the  stability  of  the  F.P. 
leaves  much  to  be  desired. 

[13]  A.  Javan,  W.  R,  Bennett^  Jr.,  D.  R,  Herriott,  Phys.  Rev.  Letters 
6,  106,  1961. 
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It  would  seem  that  corner  reflectors  could  be  substituted 

[14,15&L6  ] 

for  the  flats  of  the  F,P.  in  much  the  same  way  that  Peck  and 

[im] 

Murty  have  modifed  the  Michelson  5_nterferQmeter  to  relax  the 

'k 

alignment  tolerances.  Peck  has  shown  theoretically  that,  with  corner 
reflectors  used  as  a  F  P.  cavity,  one  obtains  6  eigen-polarizations a 
difficulty  with  which  one  must  contend  when  constructing  a  lASER  cavity. 

We  have  succeeded  in  obtaining  fringes  with  a  corner  vs  flat  reflector 
Figure  7.  ],  and  have  observed  the  polarizations  predicted  by  Peck. (Figure  7.2)  The 
corner  reflector  holds  considerable  promise  as  a  stable  F,P.  cavity  and 
further  work  is  in  progress  to  analyze  its  use  as  a  cavity.  The  roof 
prism  interferometer  combines  several  features r.  a  simpler  pattern  of 
eigen^polarizations  than  the  corner  cube  end  plates  easier  to  make  than 
corner  cubes  and  stability  much  improved  over  the  plane  F.P.  interferometer. 

As  a  first  step  toward  attaining  stability  we  set-up  a  folded 
Fabry-Perot  interferometer  (Figure7.1)  using  2  front  surface  mirrors 
mounted  at  a  right  angle,  and  a  multilayer  coated  flat. 


* 
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(17]  M.V.R.K.  Murty  JOSA  50 ^  7  1960 
:iS]  M.V.R.K.  Murty  lOSA  50,  83,  1960 
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Polarized  Fringes  from  One  Sector 
of  a  Corner  Cube  Interferometer 
Figure  7.2 
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Two  sets  of  fringes  were  observed  one  set  polarized  normal 
and  one  parallel  to  the  plane  of  incidence*  These  were  due  to  the 
different  polarization  phase  changes  upon  reflection  from  the  mirror 
pair.  The  multilayer  used  had  95%  reflectivity  at  a  =  5461.  We  found 
thi  t  freshly  evaporated  silver  coatings  were  required  on  the  mirror 
surfcces.  Aluminum  had  too  low  a  reflectivity*  (Frii^es  were  also 
observed  when  we  replaced  the  mirror  pair  with  a  roof  prism^  making  use 
of  total  internal  reflection).  It  was  possible  to  rotate  the  mii*.or  pair 
several  degrees  about  the  intersection  line  without  losing  the  fringes. 

We  next  replaced  the  flat  with  a  second  mirror  pair,  oriented 
at  right  angles  to  the  first  mirror  pair.  Figure  7.3  and  observed  a 
single  set  of  fringes.  In  this  case  the  two  mirror  pairs  introduce 
compensating  phase  shifts,  as  the  orientations  of  the  two  polarizations 
are  interchanged  with  respect  to  the  mirror  pairs.  The  stabilitv  of 
this  interferometer  much  surpasses  that  of  the  plane  Fabry-Perot  and 
will  be  discussed  in  detail  later  in  the  section. 

Comparison  of  this  interferometer  with  a  plane  F.P.  shows 
that  the  free  spectral  range  is  equivalent  to  that  of  a  F.P.  with  twice 
the  vertex  separation,  d,  of  the  mirror  pairs.  The  resolving  power  differs 
from  that  of  a  plane  F.P,  since  adjacent  interfering  beams  suffer  8 
reflections  instead  of  2.  Each  surface  roust  therefore  have  an  extremely 
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high  reflectivity  to  obtain  sharp  fringes.  This  apparent  drawback  is 
not  so  significant,  however,  when  this  interferometer  is  used  as  a 
resonator  with  an  amplifying  medium.  In  a  resonator  it  is  the  reflectiun 
loss  per  pass  that  is  important,  and  this  interferometer  has  two  reflec¬ 
tions  per  pass,  as  opposed  to  one  per  pass  for  the  plane  F.P. 

The  inevitable  losses  of  front  surface  reflectors  can  be 
avoided  by  employing  total  internal  reflection.  In  order  to  obtain  the 
advantage  of  total  internal  reflection  without  the  disadvantage  of 
Fresnel  reflection  losses  in  prisms  we  have  constructed  an  interferometer 
with  roof  prisms  whose  entrance  faces  are  so  oriented  that  impinging  rays 
strike  them  at  or  near  Brewster's  angle.  Thus  the  cavity  has  a  very  low 
reflection  loss  for  one  polarization.  The  output  beam  is  conveniently 
picked  off  by  constructing  one  entrance  face  at  an  angle  slightly 
different  from  Brewster's  angle ^  providing  2%  reflectivity.  The  fact 
that  the  cavity  is  lossy  for  the  second  polarization  does  not  lessen  its 
efficiency  for  LASER  applications,  but  merely  means  that  stimulated 
emission  o'  radiation  will  build  up  only  in  one  polarization. 
a)  Tolerance  of  Crossed  Roof  Prism  Interferometer 

Previously  it  was  noted  that  the  use  of  a  Crossed  Roof  Prism 
interferometer  led  to  greatly  relaxed  tolerances  on  the  mechanical  ad¬ 
justments  of  the  "LASER''  resonator.  To  make  a  quantitative  tolerance 
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comparison  between  the  plane  Fabry-Perot  and  the  Grossed  Roof  Prism 
interferometer,  a  rather  simple  criterion  is  available,  i.e.  comparison 
of  the  deviation  angle  between  successive  rays  leaving  the  roof  inter¬ 
ferometer  vs.  the  same  in  the  case  of  the  F.P. 

The  deviation  angle  ^  in  the  plane  F.P.  is  simply  calculated 
to  be  -2^  where  f  is  the  tip  angle  between  plates. 

In  the  case  of  the  Crossed  Roof  Prism  the  deviation  is  not  simply 
derived.  To  facilitate  the  calculation,  we  consider  two  Cartesian 
coordinate  systems  each  fixed  to  a  roof  prism  with  one  axis  lying  along 
the  roof  axis  of  the  prism.  After  having  lined  the  prisms  up  with  their 
roof  axes  normal  to  one  another,  we  now  allow  one  prism  to  rotate  through 
small  angles  about  three  mutually  perpendicular  axes.  Since  rotation 
about  the  roof  axis  produces  no  deviation,  this  property  being  basic  to 
roof  reflectors,  we  need  only  consider  two  rotations. 

Before  interfer  e  can  occur  between  successive  rays,  the 
wave  must  travel  4  times  through  the  cavity,  compared  to  twice  in  the 
plane  F.P.  It  is  necessary  to  consider  this  complete  trip  to  calculate 
the  deviation.  We  now  consider  a  unit  vector  n  which  represents  the 
original  ray  in  the  fixed  coordinates.  Transforming  this  vector  into 
the  rotated  coordj.nate  system,  we  operate  on  it  with  a  reflection 
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operator  and  then  transform  it  back  into  tne  original  coordinate  system 
where  another  reflection  operation  takes  place.  The  procedure  is  then 

repeated  since  we  must  consider  four  trips.  The  result  is  a  vector  n* 

S 

which  represents  the  deviated  ray.  The  scalar  product  between  n  and  n 
thus  gives  us  the  cosine  of  the  deviation  angle.  The  process  can  be 
represented  formally  as 

n’  =  (RT“^  r't)^  n 

-1  t  2 

cos  6  =  (RT  R  T)  ri  •  n 

I 

where  R^  and  R  are  the  reflection  matrices  in  their  respective  coordi- 

•*1 

nates  systems,  T  and  T  being  the  transformation  matrix  and  its  inverse. 
The  result  of  this  calculation  is  that  5-4  A0A0  3  where  Afl  and  A4> 
are  small  angles  of  rotation,  (see  FigureZ3), 

It  is  obvious  that 3  for  equal  deviations  in  the  Crossed  Prism 
and  plane  F.P, ,  ^  =  2  A0A^  ,  However^  since  the  interference  path  and 
hence  the  gain  of  this  device  is  twice  that  of  a  comparably  spaced  plane 
F.P.,  the  tolerance  6,  the  angle  of  tips  should  be  compared  with  ASA'*' 
rather  than  twice  that  quantity. 

To  consider  a  specific  example  of  relaxed  tolerance,  it  has 
been  shown  that,  for  the  neon-helium  LASER  to  operate  the.  tip  of  plane 

-5 

F.P.  plates  cannot  exceed  6  seconds  of  arCg  or  3  x  10  radians.  For 
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the  prism  instrument  this  would  mean  3  x  10  If  we  assume 

“3  *3 

equal  tolerance  in  iikS,  and  A4>  then  ^  5  x  10  radians  j  5  x  10 

radians  16  minutes  of  arc.  This  means  that  the  relaxation  in 

tolerance  would  be  greater  by  two  orders  of  magnitude. 

2,2  Optical  Clarity  of  Crystals 

By  use  of  a  relatively  simple  optical  system  a  resolution 
chart  and  a  camera  an  indication  of  the  optical  quality  of  crystals  to 
be  used  for  LASER  operation  can  be  determined. 

Collimated  light  from  a  white  light  source,  passes  through 
Nicol  prisms  between  which  the  crystal  to  be  investigated  is  placed  as 
shown  in  Figure  7.4  . 

Unfinished  crystals  are  first  prepared  by  immersion  in  a 
parallel  sided  container  filled  with  a  refractive  liquid  having  an 
index  equal  to  that  of  the  crystal  to  eliminate  distortion  due  to  the 
ends  not  being  parallel.  This  also  eliminates  any  lens  effect  the  crystal 
might  give.  Exposures  are  then  made  viewing  the  resolution  chart  both 
with  the  crystal  in  and  out  of  the  system.  It  was  found  that  refocussing 
after  the  crystal  was  inserted  in  the  system  did  not  improve  the  re¬ 
solution.  thereby  indicating  that  the  crystal  was  not  acting  as  a  lens. 

The  smallest  pattern  that  can  be  resolved  gives  an  indication  of  the 
optical  quality. 
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The  procedure  described  above  gives  only  a  relative  indication 
of  ?ality.  These  crystals  are  then  compared  with  those  in  which  oscilla¬ 
tions  have  oeen  observed  in  order  chat  ci  standard  may  be  determined, 

2,3  Orientatior  of  Uniaxial  Crystal  Boules 

A  simple  method  has  been  devised  to  measure  the  orientation 
of  tb"  c  axis  of  uniaxial  crystal  boules  with  irregular  sides.  The  method 

a  2] 

is  essentially  similar  to cne  proposed  by  Mattuck  and  Strandberg  .  It 
Is  different  in  that  one  further  measurement  allons  the  orientation  of 
the  c  axis  to  be  read  directly  from  a  scale  without  the  computation 
required  in  the  method  of  Mattuck  and  Strandberg. 

The  boule  is  placed  in  a  glass  vessel  with  square  sides.  Liquid 
with  the  same  index  as  the  crystal  is  added  to  cover  the  boule,  Tae  boule 
is  held  by  a  device  to  allow  it  to  be  rotated  about  the  boule  axis  v’ith 
the  vessel  fixed.  A  scale  is  provided  to  read  ne  amount  of  rotation. 

The  vessel  and  boule  are  then  placed  into  a  beam  of  parallel 
light  between  crossed  Nicol  prisms  such  that  the  light  is  incident 
normally  to  one  surface  of  the  vessel.  No  corrections  for  refraction  are 
required  because  of  this  normal  incidence. 

The  determination  of  the  relation  between  the  axis  of  roliriert 
of  Che  boule  and  the  c  axis  0^  and  consists  of  three  operations. 


TECHNICAL  RESEARCH  GROUP 


pliment.  This  is  made  by  setting  the  polarization  of  the  E  vector  of  the 

incident  light  at  an  angle  of  45**  to  the  axis  of  rotation  (which  is  vertical 

The  analyser  is  ro^^ted  correspondingly  to  keep  the  polarizer  and  analyser 

always  crossed.  Now  rotation  of  the  boule  about  its  axis  determines  whether 

Q  is  greater  or  less  than  45’.  If  0  is  greater  than  45^  there  will  be 
P  P 

four  positions  at  which  a  dark  Held  is  observed.  These  will  occur  in 

pairs  symmetrically  placed  about  the  position  at  which  the  plane  containing 

the  axis  of  rotation  and  c  axis  is  normal  to  the  Incident  light.  (The 

latter  position  could  be  noted  and  eliminate  step  b)  below''^ ,  If  Q  is  less 

P 

than  45®  no  dark  field  will  be  observed^  but  rather  two  positions  of  minimum 
Intensity. 

b)  The  polarizers  are  rotated  so  that  the  E  vector  of  the  incident 
light  is  now  set  either  parallel  or  perpendicular  to  the  axis  of  rotation. 

The  crystal  is  rotated  until  a  dark  field  is  observed.  The  plane  containing 
the  axis  of  rotation  and  the  c  axis  now  contains  the  line  of  incidence, 

A  further  rotation  by  90*  now  insures  that  this  plane  is  perpendicular  to 
the  incident  light, 

c)  Both  Nicols  are  now  rotated  together  until  a  dark  field  is  observed. 

The  amount  of  this  rotation  is  either  Q  or  its  compliment  (the  ambiguity 

P 

is  removed  by  referring  to  step  a)  and  can  be  read  directly  on  a  scale. 


TECHNICAL  RESEARCH  GROUP 


83. 


The  direct ioTi  of  the  c  axis  is  such  that  the  plane  of  the  c  axis  and 

the  axis  of  rota.tion  is  normal  to  the  incident  light, 

3,0  Work  Planned  for  Next  Period 

We  plan  further  work  to  investigate  the  eigen-polarization 
orientations  within  the  interferometers  and  explore  their  usefulness  as 
LASER  resonators. 
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VIII ,  Theory  of  Resonator  M;^des 
1,0  Summery  of  Work  Perfonoed 

Sever*!  aspects  of  the  optic*!  behavior  of  Fabry-Perot 
interferometers  of  importance  for  the  understanding  of  F.P,  lASERs 
have  been  studied.  Firstly  we  have  investigated  the  nature  of  the 
modes  of  a  Fabry-Perot  cavity  in  terms  of  the  general  theory  of  leaky 
wave  or  radioactive  state  resonances  of  open  electromagnetic  structures. 
Secondly  we  have  derived  an  exact  theory  of  the  F.P.  cavity  and  shown 
how  this  reduces  in  an  appropriate  approximation  to  the  previously 
reported  theory  of  Kotik  and  Newstein.  Thirdly,  we  have  studied  the 
optical  mode  structure  of  a  F.P.  interferometer  via  the  variational 
principle  of  Kotik  and  Newstein.  This  has  led  to  analytic  expressions 
for  the  quantities  of  practical  interest^  e  g,  the  mode  shapes ^  resonant 
frequencies,  and  diffraction  losses, 

2,0  Analysis  of  Work  Performed 

The  following  preprint  (submitted  for  publication  as  a 
Letter  to  the  Editor  of  the  Journal  of  Applied  Physics)  is  a  pre* 
liminary  report  on  a  theoretical  study  of  the  optical  behavior  of 
the  F.P,  interferometer.  This  study  starts  from  an  exact  formulation 
of  the  F.P,  cavity  problem  which  is  reduced  in  an  appropriate  approx!” 
mation  to  the  previously  reported  formulation  of  Kotik  and  Newstein, 
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The  variational  principle  of  Kotik  and  Newstein  is  then  employed  to 
^  find  analytic  expressions  for  the  mode  shapes,  resonant  frequencies, 
it  and  diffraction  losses  of  a  F.P.  cavity.  A  much  more  comprehensive 

I 

discussion  of  the  resutls  obtained  is  in  the  course  of  preparation. 


I 

A 


4 


TECHNICAL  RESEARCH  GROUP 


Submitted  for  publication  as  a  Letter  to  the  Editor 
of  tho  Jou  mal  of  Applied  PhyslcB 


★ 

Reaonaacea  of  the  Fabry-Perot  lASgR 
8.  R.  Barons 

Tacholcal  Baaoaroh  Group  |  Xjoc* 

Naw  York 


The  YabryPorot;  (F.P*)  inter £arotns Car  haa  recently 

I 

become  of  intereet  aa  rfaiooator  In  LASER  oaclllatora.  tot 
thia  purpose  it  is  important  to  know  the  optical  oode  atrucCuve 
of  such  a  cavity,  from  the  mathematioal  point  of  view  the 
problem  of  two (perfectly)  conducting,  finite,  mirrors  has  only 
a  continuous  apectrua  of  proper  i.e.  bounded  at  infinity,  oodaai 
the  aaaociated  fre<iuenoy  spectrum  running  continuously  from 
sero  to  isiinity.  However  physical  intuition  indicates  that  the 
cxxies  of  interest  should  have  e  discrete  frequency  speotruBa 
determined  appronlDately  by  the  condition  that  the  ratio  of  the 
separation  of  tha  f,f*  mirrors  to  a  half  wavelangth  ba  integral. 
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Th*  tnmlixMtton  o£  ChU  phyislcAl  idsA  li&M  la 

2 

tim  accurriiae*  o£  Xoaky  imv^  or  cadioactlva  rasoaaac^  for 

tha  f»F,  cavltft  Tba##  reiooanc  vava  flalda  dc:  hoc  baloag  to 

tbo  propor  nodo  opoctrura  vtilch  la  cooploto  la  Itaolf.  Alio 

*S!^oclatod  fraquoncy  apeotrum  la  conplex  Hfhlch  Is^lloa  that 

tha  laaky  wava  flalda  grow  axpooentially  at  largo  diacaocoa  froca 

tha  F*P.  Havarthalaaa  £e»t  an  opan  cavity  la  an  lofinlta  aetlva 

BSdim  chaaa  ara  thi  raaonancoa  uhlch  ara  analogoua  to  tha 

dlaoroto  raaonancoa  o£  a  cloaod  cavity. 

Frca  thla  point  of  vlaw  ve  hava  atudlad  d)a  problam 

of  a  F.P.  IntorfonxBotar  ooispoaod  of  two  pamllol  inflnita 

atrl;>  lalrrora  aach  «d.th  a  reflection  eoafflclant  r,  the  angular 

dapandenca  of  which  la  naglestad.  Ghoractarialng  tha  lolrrora 

by  thalr  acattaring  oatrlx  In  Klrcltoff  opproxlaatlon,  icotlk 
3 

and  ttevotain  hava  pravloualy  given  an  expraaalon  fox  r  %diloh 
la  atatlooary  with  raapaot  to  varlatlona  of  tha  angular  spactruoi 
of  tha  aoda  fiald.  Wa  hava  aaiuoed,  for  tha  dooinant  Bx»da»  a 
trial  apaetrum  aqual  to  tha  Fouriar  cxanafom  oft 


P(r)  -•  I  -  p  j*|/d 
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d  Iji  hAl£*iildth  of  Cho  F*P*  sxlxToirf  p  tt 
paraijaflt#g  bo  docen^lood  by  tha  vsjrlaclooal  prlaolpLo# 
PhyslcaUy  ?<*)  roproosolui  tho  field  tmvoUng  co^sirdt  oither 
aixTor  «c  Che  eonter  pUxm  of  the  F.r,  la  the  llait  ©f 
fuffloieatly  ssttlX  Miwilansth©  (',)  coe^Mired  t©  both  d  aiMi  Ly 
im  fiad  that  lowMt  n«(i«vaniahiag  order  lo  the  aiMLXl  pttxa« 
Mter  Xl/d^ 

71/4  2 

1  -  p«  0.42  e  )  (2) 


where  1.  la  tiie  aepexatloa  of  th  •  f.p,  mlnrora.  Thua  we  aee 
that  for  optleal  frequeaolea  the  dooJLaaat  »de  field  at  the 
edje  of  the  F*?*  la  a  aaaXX  fraotloa  of  its  value  at  ^yefif;ep 
of  a  Hlrror  aad  that  the  phaae  at  the  edge  ia  r/4  relative  to  the 
phaoe  et  the  center  of  e  eirrori 

la  edditioa  the  varietioaal  principle  yielda  a 
co^lex  reaonant  frequency.  Then  aiaoe  the  tine 
of  the  field  la  given  by 


«hat 

e 


where  and  ce^  ax^  the  reel  Oi-u  jauegixeuy  part#  of  the  ay 

ft^<pieacy  a>,  ee  ean  define  a  fre<|ueacy  ahlft  (Oa)  and  i  j 
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(t)  for  thli  Bod«  by  Sko  «  a>|  ^  "  •I/®2  cd^L/tc 

is  «  l«rg«  Integer  which  dwt^radnaa  th«  nuoalbar  of  nxial  half 
vavalangthf  in  th«  f.P.  In  particular  va  find,  again  to 
lowaat  non-vanlahlng  order  In  the  anall  parasMtar  XL/d  .  that 


to  •  1.50  (c/®^d^) 


(3*) 


(3b) 


whara  for  tlij^liclty  wa  have  auppoaad  that  tha  piiaaa  of  r  la 
aaro,  and  c  d^notat  tha  apaad  of  light.  Tha  raaonator  lo^tsaa 
ara  anally  wall  axpraaaad  in  tar®a  of  o  •  1/tc,  tha  amplltuda 
gain  ooaffleiant  which  tha  nadiua  filling  tha  cavity  auat  hava 
in  order  to  balanca  tha  loacaa  and  achiava  a  ataady  atata 
raaonanca,  Alao  tha  fraquancy  ahlft  ia  altamativaly  axpraaaad 
In  taraa  of  (M  **  QmL/c  tha  diffaranca  batwaan  tha  change  in 
phaaa  of  tha  field  In  traveling  fron  one  odrror  to  tha  other 
and  tha  ga<Haatric  phaaa  change  for  the  frequency  oe^.  Thaaa 
raau^ta  ara  to  be  oontraatad  with  tha  work  of  Kotik  and  Nawataln 
wharaln  P(x)  waa  taken  to  be  a  conatant.  Tha  raaultlng  over- 
aatinata  of  ?Cd)  lad  to  ovaraatioataa  both  tha  frequency 
shift  and  loaaaa. 
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7hd  strip  mirror  F.?.  interim rorae car  hm  «l#o  b«a& 

■4 

conaiderad  by  Fox  and  Li  ^.o  oolvod  Che  appropriate  irttegrai 

equatloQ  by  machine  Itexacloa  ynder  the  reatriocion 
2  X/2 

(Xl/d  )  ^  »  6/h*  UalbrtunfiCely  this  is  s  Imsir  bound  cm  ths 

sllovable  vKivoIength  which  £&r  optical  irequenoies  rescriocs 

the  F.P.  to  be  umiauaily  long  and  narrow.  The  results  obtained 

under  this  restriction,  however,  should  for  dacressing  wave* 

length  iu>'ix^toticalIy  approach  the  present  results  which  ioT£ 

fixed  dimensions  of  th«  F.P.  become  increasingly  accurate  os 

the  uavoleogth  decreases.  The  cociparison  between  these  two 

conpllmantary  results  is  shcnm  in  Figures  I  and  2  and  Tabla 

In  connection  vitli  Table  I  it  stmuXd  be  emphasised  that  ?(x) 

refers  to  the  center  plana  of  the  F.P*  while  the  reauXts  of  fox 

and  Li  refer  to  a  mirror  plana.  However  the  field  at  a  mirror 

plane  is  not  significantly  different  from  F(x)« 

Further  Investlg'^tion  c  f  tlie  variational  prinolpla 

has  led  to  tha  conclusion  that  for  a  wide  cleat  of  trial 

functions  the  resonator  ices  Is  proportloni^l  to  the  3/2  power 

2 

of  the  paramoter  )  w^iila  the  phase  shift  is  sickly 

proportional  to  this  parameter.  Thus  only  the  nuna^rical  eoeffl* 
clents  in  aquation  3  dopeod  on  our  special  choice  of  trial 
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fuficLloa,  and  are  coasoquently  Gubjccc  to  scciia  errcr  ck^  to 

tho  irmdcqiincy  of  chii»  wtial  function  in  rcpre:,e£*4.in^  tins 

corcoct  fioid  cilatribuclon*  Coi^parlaon  wich  tlio  nutcorlcal 

roiulta  of  Fox  and  iJL  indicatOo  chat  tii^a  ccror  la  liot 

ALgo,  tiavQ  dortvod  an  approxii^atioQ  to  tho 

varlacionai  prtnctplo  of  KotiI«  and  tjcwatcin  vfnich  haa  the 

advantage  that  the  correaponding  Euler  equations  are  capable 

of  exact  solution.  In  uliio  approximation  the  above  frequency 

shift  for  the  dominant  loode  is  roduced  by  approxii&ately  18X 

to  procisely  the  first  order  frequency  shift  for  the  closed 

cavity  obtained  by  cloalng  off  the  side  walla  of  tho 

I 

a  result  anticipated  b**  -  -  >4  Also  the  loosei* 

are  reduced  by  a  factor  of  .79,  TixczQ  results  are  aloo  shown 
in  Figures  1  and  2  and  Table  1  wltii  the  label  " appro xliaate 
variational  principlo".  For  tu©  higlicr  order  modes,  Labeled 
by  an  integer  n  which  equals  unity  for  ti;a  dominant  exjda,  wa 
find  in  this  approximation  that  both  the  frequency  si^iift  and 
loos  are  increased  by  a  factor  of  n"^.  This  latter  result  is 
also  la  good  agreemoat  vitii  die  work  of  Fox  and  Li  who  have 
consldorod  the  first  higher  mode. 


Wa  are  Indebted  to  M,  for  that 

furtliar  work  on  thla  problem  uslo  osccosary  &q  ^11  co  for  o 
Qus^r  o£  hdlpfyl  dlscumsloaa.  Ua  nleo  wl^  to  thank  J*  l^tik 
for  a  crltiLsal  reading  of  cha  laanuscript. 
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Fig.  i  C&sr^pctrlQon  of  ths  dcralnant  cu>d3  n^-iso  ohlft  psr 

Crurjtlt  09  given  by  the  vnrlntional  principXo  with  tha 
nusdrloal  result*  of  Fox  end  Li. 


Fig.  2  Coc;;^3ylcon  of  the  dorainjint  c^da  less  transit 

dua  to  diffmotlon  iis  given  by  tha  variatioEal  principle 
vith  th«  msssrlonl  rooulte  of  Fox  axui  Li, 
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Ccssp^rlcou  of  dgnlnTitin  £^>da  field 
given  by  the  vaxlatJUKial  princijlfi  the 

mgarlcAl  rcnult:s  of  Fos  end  LI. 


Phaeo  ac  £<^0 

1 

Anplttuda  ac  odGa  rolativo  irolntiva  to  ph:i^a 

to  amplitudo  Qt  cantor  (f )  ^  UL  J  at  center  Isi  de-rc'.o 


2 

0.43 

0.34 

33c 

0.4 

0.23 

0.36 

40, 

0.16 

0.17 

0.43 

37. 

VnrlQtional  Principle t 

X  aufftclantly  Vorlatlozul  calculation 

•mil  with  one  poramter  trial 

function  0*42 

Approxizzsite  vni^iatlonol 
prlncl4>lo  0.55 

« 

Eatimted  froci  Figure  7  of  refororvee  4. 
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3 ■  0  Work  Planned  for  Next  Period 

In  the  next  period  we  plan  to  determine  the  effect  of 
no'^-unifom  saturation  and  r  on-homogeneous  broadening  as  the  pumping 
power  is  increased  beyond  that  required  for  oscillation  in  the  mode 
of  loxvest  loss. 
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